Comparative genomics of representative basal metazoans leaves little doubt that the most recent common ancestor to all modern metazoans was morphogenetically complex. Here, we support this interpretation by demonstrating that the demosponge Amphimedon queenslandica has a biphasic pelagobenthic life cycle resembling that present in a wide range of bilaterians and anthozoan cnidarians. The A. queenslandica life cycle includes a compulsory planktonic larval phase that can end only once the larva develops competence to respond to benthic signals that induce settlement and metamorphosis. The temporal onset of competence varies between individuals as revealed by idiosyncratic responses to inductive cues. Thus, the biphasic life cycle with a dispersing larval phase of variable length appears to be a metazoan synapomorphy and may be viewed as an ancestral polyphenic trait. Larvae of a particular age that are subjected to an inductive cue either maintain the larval form or metamorphose into the post-larval/juvenile form. Variance in the development of competence dictates that only a subset of a larval cohort will settle and undergo metamorphosis at a given time, which in turn leads to variation in dispersal distance and in location of settlement. Population divergence and allopatric speciation are likely outcomes of this conserved developmental polyphenic trait.
INTRODUCTION
Today's oceans teem with a huge diversity of microscopic animals, many of which represent the short and transient larval phase in the life cycles of larger and more recognizable benthic invertebrates. This pelagobenthic biphasic life cycle is the most widely distributed of all metazoan life cycles, existing in at least some species of most modern phyla. It is characterized by having a morphologically distinct microscopic planktonic larval form that settles and metamorphoses into a benthic juvenile that matures into a reproductive adult. Despite the diminutive nature of these zooplankters, their development and morphology have figured heavily in considerations of the evolution of the animal kingdom, and thus they have been a point of focus for zoologists and evolutionary biologists alike. Indeed, extrapolations from the comparison of extant larval forms have formed the foundation for a number of theories on metazoan evolution (reviewed in Valentine 2004; Minelli 2009 ).
Here, we explore the specific importance of larval settlement and metamorphosis in the evolution of metazoan life cycles. Among extant pelagobenthic species, intraspecific variation in response to benthic cues that induce settlement and metamorphosis is very widespread. Typically, at a given time postfertilization, individuals within a cohort of larvae that are subjected to an inductive environmental cue either maintain their larval form (do not respond) or metamorphose into the benthic post-larval/juvenile form (do respond). This variation can be viewed as a polyphenism. Variation in settlement response has the potential to impact significantly on the dispersal capacity of a cohort because responsive individuals may settle nearer their source, while unresponsive plankters may continue to disperse, even to a distance that restricts future gene flow. Ultimately, this variation in time to settlement and metamorphosis may fuel population differentiation and speciation.
We posit that metamorphic polyphenism may have been critical in early metazoan evolution ( §6). To support this position, we reconstruct key developmental and life-cycle features of the last common ancestor (LCA) to all living metazoans. This we do by combining new results about larval development and metamorphosis in the demosponge Amphimedon queenslandica ( §3) with insights into the development of the metazoan LCA formulated through comparisons of recently sequenced basal metazoan genomes ( § §4 and 5). First, we establish a context for consideration of these LCA traits by briefly reviewing the key features of the pelagobenthic life cycle based on observations of extant bilaterians ( §2).
INITIATION OF METAMORPHOSIS IN EXTANT BILATERIANS: DEVELOPMENTAL PLASTICITY
The capacity of metazoan larvae to disperse and successfully recruit into a breeding population depends on both pre-and post-settlement processes. In a wide range of bilaterians, it has been shown that pre-settlement dispersal is contingent upon (i) the precise timing of larval release or spawning, (ii) the morphological properties (e.g. size, shape and density) of the larva, (iii) larval swimming behaviour and ability, (iv) the minimal length of time in the plankton to develop the ability to respond to specific or general exogenous cues that induce settlement and metamorphosis, and (v) the distribution of benthic cues that induce settlement and metamorphosis (Sutherland 1990; Todd 1990; Rodriguez et al. 1993; Underwood & Keough 2001; Hadfield et al. 2001; Pechenik 2006) . Settlement typically occurs when a larva which is developmentally competent to respond to environmental signals and initiate metamorphosis comes in contact with an inductive cue that is associated with an appropriate substratum (Pawlik 1992; Degnan & Morse 1995; Hadfield et al. 2001) . Thus, both the extent of larval dispersal and the success of the critical ecological transition from the pelagial to the benthos are contingent upon the developmental state of the larva when it is delivered by oceanic processes to a potentially inductive environment.
The morphological, sensorial and behavioural characteristics of the larvae are generated by genomically encoded ontogenetic programmes operational during embryogenesis and larval development. For some species, the developmental capacity to settle and metamorphose occurs within hours of fertilization, while other species require a significantly longer period before competence develops (e.g. Hadfield & Strathmann 1996; Degnan et al. 1997; Todd et al. 1998; Jackson et al. 2005; Heyland & Moroz 2006; Williams et al. 2008) . Typically, direct-developing and non-feeding lecithotrophic larvae have markedly shorter pre-competent larval development periods than do feeding planktotrophic larvae (Strathmann 1974) . Further impacting on dispersal capacity, direct-developing species tend to brood their embryos internally, while planktotroph development typically occurs externally. These differences are reflected often, but not always, in the genetic structure of adult populations, with planktotrophs tending to show less population genetic structure indicative of increased gene flow (e.g. Arndt & Smith 1998; Ayre & Hughes 2000; Kyle & Boulding 2000; Breton et al. 2003; Imron et al. 2007) .
The factors that regulate the acquisition of competence have been difficult to identify. Studies in the vetigastropod Haliotis rufescens suggest that competence develops when a threshold concentration of chemosensory receptors accumulates in the larva (Trapido-Rosenthal & Morse 1986a,b) , and transcriptional analysis in H. asinina reveals extensive and diverse gene activity associated with the endogenous attainment of competence ). In the ascidian Herdmania curvata, the expression of Hemps, a gene encoding an epidermal growth-factor-like signalling protein, is correlated with the development of competence and has been shown to directly control settlement and metamorphosis (Eri et al. 1999; Woods et al. 2004) .
Laboratory-based observations of a wide range of marine invertebrate larvae have revealed substantial intraspecific variation in the age at which competence develops (e.g. Hadfield 1977; Pechenik & Heyman 1987; Degnan et al. 1997; Pechenik & Qian 1998; Jackson et al. 2005; Williams et al. 2008) . At a given age post-fertilization, individual larvae within a cohort do not respond to an inductive metamorphic cue in a stereotypic manner, suggesting that there is individual variation in the rate of development of metamorphic competence. A logical consequence of this natural variation is that a single cohort of larvae can disperse over a wide range of distances, which in turn impacts on the ecology and evolution of the species (Strathmann 1974; Pechenik & Heyman 1987; Raimondi & Keough 1990; Pechenik & Gee 1993; Hadfield & Strathmann 1996; Pechenik & Qian 1998) . By conducting selective breeding experiments, Hadfield (1984) demonstrated that even after 27 generations of intense selection for the trait of early development of competence in the tropical nudibranch Phestilla sibogae, no correlation between generation and time to acquisition of competence could be statistically detected. This suggests that competence in this species is either influenced epigenetically or that there are specific genetic mechanisms in place to ensure that this variation is maintained from generation to generation. The consistent observation, across protostome and deuterostome clades, of variation in time to acquiring competence supports the notion that there exists a deeply homologous mechanism to maintain genetic variance at the controlling loci.
In addition to extensive intraspecific variation in the temporal onset of metamorphic competence, there can be differences in preference to particular benthic settlement cues. The specificity and distribution of these external inductive cues is crucial in determining spatial and temporal patterns of marine invertebrate population structure and evolution (Rodriguez et al. 1993; Underwood & Keough 2001) . Intraspecific variation in response to inductive cues must in turn play a crucial role in determining the capacity for species range shifting, local adaptation and population differentiation (Toonen & Pawlik 2001) . This is illustrated by the recent analysis of the response of H. asinina larvae to a range of coralline algae, which are known to occupy a wide range of habitats (Williams et al. 2008) . The differential responses of individuals and family lines of H. asinina larvae to different species of coralline algae further enable the segregation of subgroups to different benthic locations ).
3. LARVAL DEVELOPMENT, COMPETENCE AND SETTLEMENT IN THE HAPLOSCLERID DEMOSPONGE A. QUEENSLANDICA Sponges are one of the oldest, if not the oldest, of the contemporary phyletic metazoan lineages. Small fossil sponges have been reported from the Doushantuo Formation in Guizhou Province, China, some 580 -600 Ma (Li et al. 1998) , and demosponge fossil steroids date back at least 100 Myr before the Cambrian explosion (Love et al. 2009 ). Despite their basal position within the animal kingdom, and the apparent simplicity of their body plan, sponges have a strong affinity with their more complex metazoan relatives, in terms of both their genome and their life cycle (Adell & Mü ller 2005; Larroux et al. 2006 Larroux et al. , 2007 Larroux et al. , 2008 Nichols et al. 2006; Adamska et al. 2007a,b; Sakarya et al. 2007; Simionato et al. 2007; Fahey et al. 2008; Gauthier & Degnan 2008; Gazave et al. 2008; Grimson et al. 2008; Richards et al. 2008; Lapébie et al. 2009 ). The sponge life cycle progresses through embryonic, planktonic larval, benthic juvenile and mature adult phases, just as in marine representatives of most phyla (Leys 2004; Leys & Ereskovsky 2006; Maldonado 2006) .
Amphimedon queenslandica is a viviparous demosponge that releases ciliated parenchymella larvae from internal brood chambers ). These larvae comprise a large number of different cell types that are organized into three discrete layers-an outer epithelial layer, a middle subepithelial cell layer and an inner cell mass-and are patterned along the larval anterior -posterior swimming axis (Leys & Degnan 2001; Degnan et al. 2005 Degnan et al. , 2009 Adamska et al. 2007a) . Like many other parenchymella larvae, A. queenslandica larvae have a photosensory system at their posterior end that consists of a set of ciliated sensory and pigment cells organized into a ring. Although these cells do not show a neuronally coordinated behaviour, they all do respond to light in a stereotypic manner, such that the resultant effect is a rudder-like structure that directs movement of the larvae away from areas of higher light (Leys & Degnan 2001; . This photosensory system appears to become non-functional 12-24 h after emergence in most individuals, indicating that it is ontogenetically regulated (Leys & Degnan 2001) .
The surface of A. queenslandica larvae also appears to include both chemosensory and mechanosensory cells that contribute to the detection of an appropriate settlement location (Leys & Degnan 2001 . In particular, larval globular cells (originally annotated as mucous cells) and flask cells are interspersed among the columnar epithelial cells, and have morphological (Leys & Degnan 2001 ) and molecular (Sakarya et al. 2007; Richards et al. 2008) characteristics strongly suggestive of a role in sensing the environment.
(a) Amphimedon queenslandica larvae are not competent to settle and metamorphose upon release from the brood chamber We have shown previously that A. queenslandica larvae differentially respond to an undefined cue associated with pieces of coral rubble containing coralline algae from the same habitat as the adult (i.e. inner reef flat) ( Jackson et al. 2002) . Using a laboratory-based assay system, with larvae spawned from adults directly collected from the wild, here we sought to determine whether the larva's ability to respond to this inductive cue has an ontogenetic basis. Specifically, we experimentally determined whether or not larvae require further development after emerging from the adult to acquire competence to settle and initiate metamorphosis. To do this, we placed larvae of different ages (i.e. hours post-emergence (hpe)) in sterile wells containing 0.2 mm filtered sea water (FSW), with and without small shards of crustose coralline algae (CCA) rubble. The proportion of larvae that had settled and were metamorphosing was assessed either 4 or 24 h later (see figure 1 for details on the methods).
Larvae reared in FSW alone displayed very low rates of metamorphosis, regardless of age or length of time reared in these artificial conditions (figure 1). By contrast, the presence of the CCA rubble induced high rates of metamorphosis, with a majority of larvae older than 4-6 hpe initiating metamorphosis within 4 h of coming into contact with the inducer (figure 1a). Strikingly, there was not a single larva younger than 4 hpe that showed signs of initiating metamorphosis when the experiment was scored just 4 h later. This indicates that, under these experimental conditions, A. queenslandica larvae required at least 4 h of further development outside of the adult before they acquire the ability to metamorphose. That is, these larvae do not attain competence until at least 4 h after emergence.
Once competent, most, but not all, larvae initiated metamorphosis within the first 4 h of coming into contact with the inductive cue associated with the CCA rubble, although the percentage metamorphosing generally increased after longer (24 h) exposure to CCA rubble (figure 1). Some newly emerged larvae (i.e. 0-2 and 2 -4 hpe) began metamorphosing when they were exposed to the CCA rubble for 24 h. However, rates were clearly greater in older larvae, with nearly all 4-6 to 10 -12 hpe initiating metamorphosis within 24 h (figure 1b). Indeed, the percentage metamorphosis in 0-2 and 2-4 hpe after 24 h was still substantially lower than in the 4-6 to 32-34 hpe larvae after just 4 h of exposure to the CCA rubble (figure 1). These data indicate that exposure to CCA rubble prior to the acquisition of competence (approx. 4-6 hpe) has the effect of inhibiting larvae from developing competence.
(b) Amphimedon queenslandica larvae do not only swim to darker areas or to the bottom Previous studies have shown that A. queenslandica larvae are negatively phototactic immediately upon emerging from the adult, although they lose this response between 12 and 24 hpe (Leys & Degnan 2001; . However, we have observed anecdotally on numerous occasions that newly emerged larvae swim towards both the dark bottom and the lighter top of the water column. To assess whether newly emerged larvae are strictly negatively phototactic, we observed the swimming behaviour of larvae-collected over a 1 h period-in a stagnant cylinder of FSW, in which we gave larvae the choice of swimming in the bottom shaded half or the top half exposed to natural midday sunlight. We found that for the first 90 min post-emergence (mpe), there were always 10-20% of the larvae swimming in the upper bright-light portion of the water column (figure 2). From 110 to 130 mpe, this proportion reduced, but still there were always 2-10% of larvae that remained out of the shaded area. After 140 mpe, we no longer observed any larvae in the bright upper Evolution of the metazoan life cycle S. M. Degnan & B. M. Degnan 643 portion of the water column, indicating that all larvae were concentrating near the shaded bottom. Although this experiment does not discriminate between geotactic or phototactic abilities of A. queenslandica, it does reveal that over the first 2 h of emerging from the adult, some larvae swim from the dark bottom up into the water column. Regardless of the underlying cellular basis to this behaviour, the upward swimming of A. queenslandica larvae should increase dispersal range.
(c) The A. queenslandica biphasic life cycle Sponges are known to reproduce both sexually and asexually, but there is limited understanding of how potential recruits colonize the benthos and how recruitment influences population structure. Sexual reproduction in poriferans is generally part of a pelagobenthic life cycle, which includes a miniscule mobile larva that settles and metamorphoses into a juvenile form, which in turn grows and matures into a reproductive adult (reviewed in Maldonado 2006) . Morphologically, the larval form differs markedly within and between the different classes of sponges (reviewed in Leys & Ereskovsky 2006; Maldonado 2006 ), yet most appear to function in dispersal and site selection for settlement.
As described above, A. queenslandica larvae require at least 4 h in the plankton before they are competent to respond to an inductive cue associated with CCA, and subsequently settle and initiate metamorphosis (figures 1 and 3). Larvae that come in contact with this CCA-associated cue before developing competence appear to be desensitized to CCA exposure, with only a low percentage of these larvae initiating metamorphosis even after being exposed to the cue for 24 h. Gastropod and ascidian larvae exposed to natural and artificial inducers before developing competence also become desensitized (Hadfield 1978; Trapido-Rosenthal & Morse 1986a; Avila et al. 1996; Degnan et al. 1997) . The low settlement and metamorphosis rates of pre-competent marine larvae exposed to an inducer is compatible with the internalization of surface receptors of sensory cells, which prevents the propagation of an inductive morphogenetic signal (Trapido-Rosenthal & Morse 1986a; Woodman 2009 ). Regardless of the mechanism, A. queenslandica larvae that come in contact with the CCA-associated cue within the first few hours of emerging from its mother are less likely to recruit locally than individuals that do not.
There are a number of cell types on the A. queenslandica larval surface that may be involved in sensing the external environment, and coordinating settlement and metamorphosis ( Jackson et al. 2002; . Candidate larval chemo-or mechanosensory cells include (i) large cuboidal cells that are located only at the anterior end, which is also the site of attachment at settlement, (ii) flask cells, which are intercalated in the epithelial columnar cells and are restricted to the anterior third of the larva, and (iii) the globular cells, which are also intercalated in the epithelial columnar cells but are found throughout the larva except at the anterior-most end where the cuboidal cells are located. Of these, there is mounting evidence that the globular cells are probably playing a sensory role and contributing to the regulation of metamorphosis. First, genes encoding Figure 1 . Acquisition of competence in A. queenslandica larvae. Larvae were either introduced to inductive CCA rubble (stippled bars) or placed in FSW (white bars) at different times after emerging from the adult sponge (x-axis) and the percentage initiating metamorphosis was scored after (a) 4 h and (b) 24 h. Error bars are one standard deviation of the mean. Times post-emergence represent the minimal time emerged over a 2 h window (e.g. 3 h ¼ 3-5 hpe). Methods: A. queenslandica larvae were collected over a period of 2 h from wild adults obtained from the field an hour before initiation of the experiment, and maintained in ambient sea water as described in Leys et al. (2008) . All settlement assays were performed at 248C in six-well 35 mm diameter sterile polycarbonate tissue culture dishes, with 10 ml of FSW per well. For induction experiments, six sets (replicates) of 10 larvae were incubated continuously in wells containing either 10 ml FSW or 10 ml FSW with CCA shards covering approximately 25% of the bottom of the well. CCA shards were chipped off the surfaces of coral rubble pieces collected from the same habitat as A. queenslandica just prior to experimentation, washed and placed in the wells for immediate use. We assayed different aged swimming larvae, spanning 0-78 hpe from the adult. Experiments used larvae that were collected over a 2 h period. For example, larvae termed 0 hpe are from a pool of individuals that together represent 0-2 hpe. After the addition of larvae to both control wells and CCA rubble-containing wells, dishes were incubated in the dark for either 4 or 24 h. Separate cohorts of larvae were used to score rates of metamorphosis at each of these times. At the conclusion of the experiment, each well was scanned to record the number of larvae that had initiated metamorphosis. This was defined by the larval anterior being clearly attached to the substratum, the primary larval axis (anterior-posterior axis) being compressed and the larval pigment ring being resorbed post-synaptic structural proteins and neurogenic circuit signalling proteins and transcription factors are expressed in these cells, suggesting an evolutionary link with eumetazoan neurons (Sakarya et al. 2007; Richards et al. 2008) . Second, nitric oxide synthase (NOS) is also expressed in these cells. Induction of metamorphosis by CCA is inhibited when larvae are cultured in the presence of a competitive inhibitor of NOS, L-nitroarginine methyl ester (Kranz & Degnan unpublished data). We have often observed A. queenslandica larvae 'probing' the settlement surface by lying sideways such that the globular cells are in contact with the surface, and spinning rapidly and repeatedly on their anterior-posterior axis. This behaviour is frequently observed prior to attaching with the anterior end. We conclude that, as is the case in other metazoan larvae, A. queenslandica larvae are populated with sensory cells that allow them to respond to exogenous abiotic and biotic signals in a manner that ensures settlement occurs in habitats that allow for effective recruitment and eventual reproduction.
GASTRULATION, MODULARITY AND THE EVOLUTION OF THE PELAGOBENTHIC LIFE CYCLE
Phylogenomic analyses of the deepest branches of the metazoan tree have yet to achieve a consensus on the order of divergence (e.g. Putnam et al. 2007; Dunn et al. 2008; Srivastava et al. 2008; Philippe et al. 2009; Schierwater et al. 2009 ). While resolving this polytomy will certainly allow us to more confidently assign particular events in early metazoan evolution to specific branches, at this stage we can still infer some general and important aspects of the LCA to all modern Metazoa. The recent sequencing of representative basal metazoan genomes (Putnam et al. 2007 ; Srivastava et al. 2008 ) has convincingly shown that the LCA to all modern metazoans was morphogenetically complex and possessed essentially all the gene families that populate gene-regulatory networks underpinning the development of complex bilaterians. Analysis of the choanoflagellate Monosiga brevicollis genome ) reveals that many of these transcription factor and signalling pathway gene families are innovations that emerged in stem metazoans, after diverging from the holozoan LCA but prior to cladogenesis of extant animal taxa (Larroux et al. 2006 Adamska et al. 2007a ). The developmental expression of many transcription factors and signalling pathway genes during sponge, ctenophore and cnidarian embryogenesis is consistent with these gene families having a regulatory role in the development of the first metazoans (e.g. Adamska et al. 2007a,b; Matus et al. 2007; Mazza et al. 2007; Yamada et al. 2007; Fahey et al. 2008; Gauthier & Degnan 2008; Jager et al. 2008; Pang & Martindale 2008; Rentzsch et al. 2008 ). As we have proposed previously , this shareddevelopmental ancestry reflects the morphogenetic and, potentially, the morphological complexity of the metazoan LCA.
In , we note, as many others also have, that sexual reproduction via the fusion of meiotically derived eggs and sperm predates metazoan cladogenesis. In all multi-cellular animals, fertilization is followed by cleavage and gastrulation to generate a modular, multi-layered embryo (Leys 2004) . In proto-metazoans, this embryo can itself be considered as the precursor to a biphasic life cycle wherein the embryo represents one phase and the adult another phase (i.e. at some point in its ontogeny, the embryo separates from the adult). Under this scenario, the first biphasic life cycles evolved from one in which the embryo develops directly into the adult but does not necessarily yet have morphological adaptations for a pelagic existence. . Methods: Newly emerged larvae were collected for 1 h, washed and immediately transferred into 500 ml glass graduated cylinders filled with 500 ml of FSW that were placed in midday sunlight. The lower half of each cylinder (up to the 250 ml mark) was covered with an inner layer of matt white paper and an outer layer of aluminium foil, to simulate a low-light environment. Twenty larvae were placed in each cylinder and there were 12 replicates. The number of larvae visible in the top (exposed to light) half of the cylinder was scored every 10 min until the experiment ended at 180 mpe.
Once adult and embryo are separated, selection will act differentially on these two phases, given their morphological and ecological differences. If the adult is benthic-a point of debate, but one which we support )-then the release of embryos can also create habitat differences (in addition to size differences), with the embryo spending a period up in the water column. Because these original embryos consist of multiple layers, as a consequence of gastrulation, they have the capacity to develop a wide range of morphologies and functions. The multiple cell layers of the gastrula create a simple modular organism in which the different layers operate in a semiautonomous manner. The superimposition of axial polarity and cell patterning mechanisms on this embryo allows for further modularity and evolvability, localizing specific cell types into contiguous tissues. Given there is evidence for axial polarity in sponges Adamska et al. 2007a) , it can be inferred that this is a feature of the development of the metazoan LCA.
The progressive increase in overall cellular complexity during development, with an expansion in the number of cell types and the localization of these into different cell layers and territories, allows new modules, such as localized patterns of ciliation, to evolve in the later embryo . These novelties, intercalated into the direct life cycle, would lead to what is recognized as a larval form that includes localized sensory systems that allow for selection of a suitable settlement habitat, such as the aneural photosensors present in extant sponges (Maldonado 2006) . Natural selection on these systems is particularly strong, as any individual who settles away from congeners is not likely to contribute to future generations. The existence of sophisticated sensory systems in all extant metazoan larvae is compatible with the metazoan LCA having a pelagobenthic life cycle with a larva with a well-developed sensory system.
The nature of metazoan development, with its ontogenetic increase in complexity and modularity, should lead to the highest diversity of phenotypes at the latest stages of development, as observed in extant animals. Among evolutionary developmental processes, the heterochronic shift of embryonic, larval, juvenile and adult developmental programmes relative to each other contributes to the diversification of ontologies and phenotypes (e.g. Wray & Lowe 2000; Sly et al. 2003; Byrne 2006) .
PLASTICITY IN THE ACQUISITION OF COMPETENCE: A CONSERVED METAZOAN TRAIT?
In this section, we restrict our analysis to the metazoan LCA, recognizing the caveats associated with the polytomy at the base of the metazoan tree. Regardless of the order of ancient metazoan lineagessponges, ctenophores, placozoans, cnidarians and Figure 3 . Possible fates of A. queenslandica larvae after emerging from the adult. Adults live in still, shallow reef flat environments consisting of stretches of fine grain sand and patchy stands of decaying dead coral boulders that provide shady habitats for coralline algae, sponges and a wide range of microbes, animals and algae; these habitats are depicted as red algae patches in this figure. (a,c) For approximately 2 h, larvae move between the water column and bottom, (b) although some newly emerged larvae may get caught in currents and remain in the water column. (a) Some larvae may come in contact with inductive cues prior to developing competence. These will not settle at that time and need further development beyond the normal 4 h period to become competent to settle and metamorphose (depicted as juvenile sponge on red algal patch). (c) After about 4 h in the water column, some larvae are competent to settle and metamorphose as long as they have not come in prior contact with the inductive cue. (d ) Larvae that are trapped in the water column lose the ability to sense light after approximately 12 h. Although these older larvae are still able to settle and metamorphose, they may be less likely to swim into a suitable low-light location.
bilaterians-it is now clear that the metazoan LCA was morphogenetically complex. The consistent expression of metazoan-specific transcription factors and signalling pathway genes in different cells and at different times in the development of extant sponges (e.g. Adamska et al. 2007a; Fahey et al. 2008; Gauthier & Degnan 2008) , ctenophores (e.g. Yamada et al. 2007; Jager et al. 2008; Pang & Martindale 2008) and cnidarians (e.g. Matus et al. 2007; Mazza et al. 2007; Rentzsch et al. 2008) indicates that the cis-regulatory systems for these generegulatory network components also existed in the LCA, enabling expression, and presumably function, in multiple life-cycle contexts. Given the remarkable similarity in gene content, gene structure and genome organization between complex bilaterians and basal metazoans (Putnam et al. 2007; Larroux et al. 2008; Srivastava et al. 2008) , the existence of gene-expression pleiotropy in protometazoans and crown metazoans hardly seems surprising, even if the extent of this pleiotropy may differ in these ancient lineages .
The ancestral modular nature of gene cis-regulatory systems allows for the co-option of regulatory genes into new developmental contexts and the exaptation of existing networks into new roles. Thus, it appears that the metazoan LCA genome harboured the necessary regulatory information to specify and pattern multiple life-cycle forms under natural selection. Based on these observations and the points raised in §4, the metazoan LCA probably had a biphasic life cycle, which evolved from a life cycle where embryonic, larval and adult stages were blurred. A pelagobenthic life cycle in the metazoan LCA is the most parsimonious based on comparison of extant taxa, although a holopelagic life cycle could have been ancestral (see for further discussion). Regardless, the modular nature of cis-regulatory systems enabled gene pleiotropy, which underpinned morphological innovation within the developing, modular body plan.
How much of the metazoan LCA life cycle has been conserved in modern taxa is unknown, particularly with respect to metamorphosis. There is currently little evidence for phylogenetically consistent expression of a specific gene or gene family at metamorphosis, although genes related to stress response, immunity and apoptosis (Davidson & Swalla 2002; Woods et al. 2004; Heyland & Moroz 2006; ) and to calcium ion flux (e.g. AmadorCano et al. 2006) are associated with metamorphosis in a handful of taxa studied to date. Further, conserved signalling pathways have been implicated in regulating metamorphosis in particular species and groups (e.g. Eri et al. 1999; Bishop & Brandhorst 2003; Bishop et al. 2008; Rentzsch et al. 2008) . Nonetheless, this lack of explicit and widespread conservation has led some authors to propose that metamorphosis is a convergent trait (Hadfield 2000; Hadfield et al. 2001) . Although there are clear cases of metamorphosis being derived (e.g. in chordates and arthropods), the pelagobenthic life cycle appears to be homologous in other phyla, with conserved traits being evident in the less-evolvable earlier stages. The link between the cnidarian planula larva and bilaterians is evident (Grö ger & Schmid 2001; Hejnol & Martindale 2008; Rentzsch et al. 2008; Marlow et al. 2009) , and morphological and geneexpression data from sponge larvae suggest a deep metazoan conservation (reviewed in Maldonado 2006; see also Adamska et al. 2007a,b; Sakarya et al. 2007; Richards et al. 2008) . If the bulk of the modern pelagobenthic life cycles evolved from the one that existed prior to metazoan cladogenesis, then some common traits in extant larvae (e.g. ciliation, patterned sensory cell types and systems) may be homologous.
As we present here, another common feature of modern larvae is a high level of variance between individuals in terms of timing of competence. This developmental variance can be observed in a wide range of bilaterians (e.g. Hadfield 1984; Degnan et al. 1997) , cnidarians (e.g. Morse & Morse 1991; Rentzsch et al. 2008) and sponges (e.g. EttingerEpstein et al. 2008 ; this study). Thus, an ancient and conserved feature of the metazoan genome is the maintenance of developmental rate variance through the generational preservation of polymorphisms in loci controlling the acquisition of competence and thus the timing of metamorphosis; there is no reason to exclude the possibility that key polymorphic genes are expressed early in embryonic development or even during oogenesis.
If variance in the timing of the acquisition of metamorphic competence is fuelled by variation in genes expressed in larvae, there are two likely ways in which this variation can be manifested: in coding sequences or in regulatory sequences. The former results in polymorphic factors that have different affinities for exogenous external cues or intrinsic signalling partners, and the latter results in genes with variable expression levels. Currently, there is stronger evidence that variation in the level of gene expression may be the underlying agent in the disparity in age to competence within a species (e.g. ). Consistent with this assertion is the observation that a wide range of metazoan larvae, including molluscs, polychaetes, ascidians and sponges (Hadfield 1984; TrapidoRosenthal & Morse 1986a; Degnan et al. 1997 ; this study), habituate to an inductive cue when exposed to it prior to developing competence. The removal of critical chemosensory receptors from larval sensory cell surfaces prior to the onset of competence (and deployment of the requisite signalling pathways) may underlie the habituation of larvae (TrapidoRosenthal & Morse 1986a ). The early removal and possible degradation of these chemosensory receptors (Woodman 2009) prior to competency may then extend the period of development to obtain the threshold concentration required to elicit a response to an inductive cue. These observations, along with the high degree of variance in larval response to cues, are compatible with the acquisition of competence being directly related to gene-expression levels; certainly, there is evidence that substantial transcriptional activity is associated with attainment of competency in the abalone H. asinina ). Candidate chemosensory receptors that may Evolution of the metazoan life cycle S. M. Degnan & B. M. Degnan 647 be involved in the acquisition of metamorphic competence may be in the rhodopsin-like family of G-protein-coupled receptors (GPCRs) (TrapidoRosenthal & Morse 1986a; Raible et al. 2006) , which are known to play a role in chemoreception in a wide array of animals (e.g. Glusman et al. 2001; Raible et al. 2006) and evolve rapidly to yield species-specific repertoires (Nei et al. 2008) . The A. queenslandica genome encodes over 100 rhodopsin-like GPCR genes that are organized in the genome in a similar manner to bilaterians (B. Degnan et al. 2009, unpublished data) . This raises the possibility that the development of competence can be regulated by the expression of GPCRs in metazoans with conserved pelagobenthic life cycles and thus is an ancestral feature of crown metazoans.
INITIATION OF METAMORPHOSIS IN ANCIENT METAZOANS: A POLYPHENIC TRAIT?
Intraspecific variation in the onset of metamorphic competence can be viewed as a means to increase dispersal potential and a form of bet-hedging, allowing conspecific larvae to settle in a variety of habitats that have inductive benthic cues. As illustrated in a number of haliotid gastropods, not only do individuals vary in the age they become competent to respond to a particular benthic coralline alga, but they also vary in their responsiveness to different species of coralline algae at a particular age (Williams et al. 2008 ). These observations, combined with the differential responsiveness of family lines to different algae (Williams et al. 2008) , support the notion that there is a genetic component to this plasticity. In modern taxa, this variance provides a means for a cohort of larvae produced from a particular spawning event to expand its dispersal, with successful recruitment contingent upon larval behaviour and density, microand macroscale ocean currents and the distribution of benthic inductive cues. The intrinsic variation in larval development and external variation in environmental conditions can lead to population segregation and divergence, which in turn has the potential to even lead to speciation.
Elsewhere , we reiterate the proposition raised by Jägersten (1972) and others that the pelagobenthic life cycle is an ancestral feature of the Metazoa. Here, we expand our description of the LCA life cycle to include a larval phase that is variable in length, with individuals developing the competence to settle and metamorphose at different ages. This essentially means that the mechanisms operating to facilitate population differentiation and speciation in modern oceans were present at the origin of crown metazoans. Plasticity in the timing of competence can be viewed as a polyphenic trait. Larvae of a particular age either (i) respond to an environmental signal, and settle and metamorphose into the juvenile/adult, dramatically changing their body plan and ecology, (ii) are refractory to the signal, remaining as pre-competent larvae, or (iii) habituate to the signal so as to have a protracted pre-competence period. Thus, the variance in the timing of the onset of metamorphic competence dictates that only a subset of the population will settle and undergo metamorphosis at a given time.
The emergence of heritable variance of metamorphic competence requires a system that maintains polymorphisms at a critical locus or loci in a manner that is akin to that used to maintain individual variation at histocompatibility and immunity loci, as described in chordates, molluscs and sponges (e.g. Fernàndez-Busquets & Burger 1997; Zhang et al. 2004; De Tomaso et al. 2005) . Based on the habituation of modern pre-competent marine larvae to inductive cues (Hadfield 1984; Trapido-Rosenthal & Morse 1986a; Degnan et al. 1997 ; this study), we propose that the polymorphisms in loci underlying metamorphic competence in the metazoan LCA resided in the cis-regulatory regions responsible for controlling the expression of specific genes. While it is unclear how natural selection maintains this particular polymorphic region of the genome, the variance in metamorphic competence in a wide range of extant metazoans argues for its existence in their last shared ancestor.
